1.. Introduction
================

Endothelial function is already impaired in obesity and insulin resistance \[[@b1-ijms-15-01189],[@b2-ijms-15-01189]\] and further deteriorates with the development of type 2 diabetes and cardiovascular disease \[[@b3-ijms-15-01189],[@b4-ijms-15-01189]\]. Adipose tissue-derived metabolites, hormones and cytokines may play a major pathophysiological role in obesity-associated endothelial dysfunction \[[@b5-ijms-15-01189]--[@b7-ijms-15-01189]\]. One of the main candidate molecules for the link between endothelial dysfunction, cardiovascular disease, and insulin resistance is the endogenous nitric oxide synthase (NOS) inhibitor asymmetrical dimethylarginine (ADMA) \[[@b8-ijms-15-01189],[@b9-ijms-15-01189]\]. The association between elevated glucose and plasma ADMA was recently confirmed in human subjects \[[@b10-ijms-15-01189]\]. Dysregulation of the ADMA catabolizing enzyme dimethylarginine dimethylaminohydrolase (DDAH) is thought to contribute to elevated systemic ADMA concentrations reported in type 2 diabetes, hypercholesterolemia and hypertension \[[@b11-ijms-15-01189]\]. Thus, a possible mechanism leading to increased ADMA concentrations is reduced DDAH activity through high glucose \[[@b12-ijms-15-01189]\]. The principal genes of ADMA metabolism are expressed in adipose tissue \[[@b13-ijms-15-01189]\], but the physiological relevance has never been tested in animals or humans. We assume that an acute increase in plasma glucose concentrations or alterations in insulin sensitivity will induce changes in interstitial ADMA concentrations in humans. We validated clinical microdialysis (MD) to monitor interstitial ADMA concentrations in human adipose tissue, both in the fasting condition and during an oral glucose load. We studied subjects with expected differences in interstitial ADMA concentrations due to differences in body weight and glucose homeostasis (lean healthy, diabetic, and morbidly obese subjects before and after weight loss surgery). Circulating ADMA concentrations were also determined for comparison. A second aim was to assess adipose tissue DDAH activity in visceral and subcutaneous adipose tissue.

2.. Results and Discussion
==========================

2.1.. *In Vitro* Microdialysis Validation Experiments
-----------------------------------------------------

Using a custom-made *in vitro* MD system, we established and validated a sensitive and accurate technique to measure ADMA by GC-MS/MS in 1-μL aliquots of MD samples. By testing *in vitro* stability, recovery and delivery of ADMA, we determined a minimal equilibration period of 20 min before stable ADMA concentrations could be measured. With increasing flow rates from 0.3 to 2 μL/min, recovery rates decreased from 105% to 81% ([Figure 1](#f1-ijms-15-01189){ref-type="fig"}) as expected.

2.2.. Clinical Microdialysis Experiments
----------------------------------------

Demographical data of the participating subjects are shown in [Table 1](#t1-ijms-15-01189){ref-type="table"}.

Circulating ADMA concentrations were lowest in normal weight healthy subjects and significantly higher in morbidly obese patients. ADMA concentrations did not change with weight loss, and were not different in diabetic patients compared to healthy controls ([Figure 2](#f2-ijms-15-01189){ref-type="fig"}).

Mean fasting interstitial adipose tissue ADMA concentrations, obtained as serial MD samples before glucose ingestion, did not differ between the different groups (lean healthy 0.17 ± 0.03 μM; diabetic 0.21 ± 0.03 μM; morbidly obese 0.16 ± 0.01 μM before surgery, and 0.17 ± 0.01 μM after weight loss). We did not observe any response of interstitial ADMA concentrations to the oral glucose challenge in the four groups of subjects.

Interstitial baseline glucose concentrations, obtained by MD at a flow rate of 1 μL/min, were within the expected range \[[@b14-ijms-15-01189]--[@b16-ijms-15-01189]\]. After oral glucose ingestion, interstitial glucose concentration slightly increased in all four groups ([Figure 3](#f3-ijms-15-01189){ref-type="fig"}) and was considerably higher in subjects with diabetes compared to healthy subjects (6.2 ± 1.0 *vs.* 2.9 ± 0.52 mmol/L, *p* \< 0.05). Weight loss did not influence adipose tissue interstitial glucose concentrations in morbidly obese patients (2.5 ± 0.3 *vs.* 3.1 ± 0.4, mmol/L, *p* \> 0.05). We determined changes in adipose tissue blood flow by the ethanol escape method (ethanol concentration in collected MD fluid/ethanol concentration in the original perfusion fluid) and urea recovery method. Both methods gave constant values throughout the experiments, indicating constant adipose tissue blood flow with the glucose load ([Figure 3](#f3-ijms-15-01189){ref-type="fig"}). Nevertheless, adipose tissue blood flow was higher in healthy lean subjects (ethanol ratio 27% ± 3%) compared to subjects with diabetes (ethanol ratio 50% ± 5%, *p* \< 0.05, lower values indicating higher blood flow). Also, adipose tissue blood flow tended to increase with substantial weight loss (50% ± 9% and 31% ± 5% before and after weight loss, respectively, *p* = 0.059).

2.3.. Adipose Tissue DDAH Activity
----------------------------------

Subcutaneous and visceral adipose tissue DDAH activity was close to the lower limit of detection with no difference between the depots (subcutaneous adipose tissue: 0.2 ± 8.0 and visceral adipose tissue 1.9 ± 5.0 fmol DMA/min × mg). Compared to liver (8237 ± 2860 fmol DMA/min × mg), adipose tissue DDAH activity is negligible ([Figure 4](#f4-ijms-15-01189){ref-type="fig"}).

2.4.. Discussion
----------------

A reliable analytical method based on serial MD sampling and GC-MS/MS was developed to continuously measure tissue interstitial ADMA levels in the clinical setting with a time resolution of 15 min over several hours. Time resolution could be even higher, given that we measured ADMA in 1-μL aliquots. Measurements of ADMA in human blood have long been established, but ADMA concentrations in the interstitial space of target tissues might provide more relevant information. Tissue interstitial ADMA concentrations had not previously been studied in humans. Our main finding is that interstitial adipose tissue ADMA concentrations are not different between morbidly obese subjects, subjects with diabetes, and normal weight healthy subjects, while plasma ADMA concentrations increase with higher BMI. Substantial weight loss, very surprisingly, did not change ADMA concentrations, neither in plasma nor interstitial values from adipose tissue. Another important finding is that rapid increases in plasma and interstitial glucose did not elicit significant increases in tissue ADMA concentrations, which is in line with a previous study in which no relation between food intake and ADMA levels could be established \[[@b17-ijms-15-01189]\].

As indicated by previous studies, ADMA concentrations are closely related to the activity of ADMA metabolic enzymes (DDAH 1 and 2). Tissue insulin sensitivity is influenced by vascular glucose and insulin delivery to the interstitial space \[[@b18-ijms-15-01189]\], whereas the endothelium regulates vascular homeostasis by the vasoactive mediator, NO, originated from NOS activity, which is in turn inhibited by ADMA \[[@b19-ijms-15-01189]\]. In endothelial cell culture and tissue culture studies, even small changes in culture medium ADMA concentrations affected NOS activity \[[@b20-ijms-15-01189]\]. Thus, a better understanding of local tissue production of ADMA *in situ* is important to elucidate the biological role of ADMA. We have developed a tool for such experiments.

Increased ADMA plasma concentrations were considered to be a major risk factor for type 2 diabetes and cardiovascular disease \[[@b19-ijms-15-01189],[@b21-ijms-15-01189],[@b22-ijms-15-01189]\]. In a previous study, patients with the highest ADMA plasma concentrations had the lowest glucose tolerance \[[@b23-ijms-15-01189]\]. Furthermore, elevated circulating ADMA in patients with insulin resistance was lowered by pharmacological improvement of glycemic control \[[@b8-ijms-15-01189],[@b24-ijms-15-01189]\]. We did not observe such a strong relationship between interstitial glucose and ADMA concentrations in healthy obese subjects and subjects with diabetes. Furthermore, a strong relationship between BMI and plasma ADMA \[[@b25-ijms-15-01189]\], improved endothelial function after weight loss \[[@b1-ijms-15-01189],[@b2-ijms-15-01189],[@b26-ijms-15-01189]\], and decreased circulating ADMA after weight loss \[[@b27-ijms-15-01189],[@b28-ijms-15-01189]\] were all described in previous studies. In our study, lower tissue blood flow was observed in diabetic patients compared to healthy normal weight control subjects and, after weight reduction, adipose tissue blood flow tended to increase. The observed higher tissue blood flow might be an indication for improved endothelial function which would be in line with previous studies \[[@b29-ijms-15-01189]--[@b31-ijms-15-01189]\]. Despite these findings, interstitial ADMA concentrations in our group of morbidly obese patients did not differ after a mean weight loss of 34 ± 13 kg. A possible explanation for the conflicting findings might be a different microdialysis recovery rate, because recovery depends on local blood flow \[[@b32-ijms-15-01189]\]. Admittedly, the study has been carried out on small groups of subjects; therefore the observed difference in blood flow between our tested groups might have concealed the changes in local ADMA concentrations in adipose tissue. A possible mechanism by which endothelial function is altered may be due to up-regulation of DDAH. In rats, pioglitazone increased NO production partly by up-regulating tissue DDAH expression \[[@b33-ijms-15-01189]\]. We measured DDAH activity both in subcutaneous and visceral adipose tissue. The enzyme activity was negligible compared to liver tissue which possesses high DDAH activity \[[@b34-ijms-15-01189]\]. Considering our present findings, ADMA in adipose tissue seems to play a minor role in NO-dependent regulation of adipose tissue blood flow and metabolism. In human adipose tissue, gene expression of all enzymatic components of ADMA metabolism have been identified \[[@b13-ijms-15-01189]\], but obviously the gene expression levels do not reflect DDAH activity. Overall, the role of local ADMA production in adipose tissue remains to be elucidated, but our findings at least suggest a minor role for blood flow regulation.

3.. Experimental Section
========================

3.1.. Study Subjects
--------------------

We enrolled four patients with diabetes mellitus, four healthy control subjects, and seven morbidly obese patients before and after substantial weight loss (mean weight loss 34 ± 13 kg at least 6 month after bariatric surgery). In these subjects we performed subcutaneous adipose tissue microdialysis to evaluate changes in interstitial ADMA concentrations throughout oral glucose tolerance testing (75 g glucose in 300 mL water). All participants were non-smokers and had no history of gastrointestinal, endocrinological, or psychiatric disorders, and presented with normal physical exams and electrocardiograms. Blood pressure was increased I some participants (see [Table 1](#t1-ijms-15-01189){ref-type="table"}). Blood tests confirmed normal blood count and normal liver and renal function. Adipose subcutaneous and visceral tissue samples were obtained from five obese patients undergoing laparoscopic bariatric surgery. All subjects taking part provided written informed consent to these studies which have been approved by the Hannover Medical School Ethics Committee in Hannover, Germany.

3.2.. Microdialysis
-------------------

We employed a custom-made *in vitro* microdialysis system \[[@b35-ijms-15-01189]\] to evaluate ADMA *in vitro* stability, delivery, and recovery using a clinical MD catheter (CMA 60, CMA/μDialysis, Stockholm, Sweden), and lactate-free Ringer solution (B. Braun, Melsungen, Germany). The *in vitro* data were employed to determine the best conditions for *in vivo* microdialysis.

For clinical microdialysis, all subjects were studied after an overnight fast while resting in the supine position on a comfortable bed in a room kept at 23 °C. Microdialysis catheters were inserted under sterile conditions into adipose tissue (8 to 10 cm left of the umbilicus) and connected to a microdialysis pump (CMA 107, CMA Microdialysis AB, Stockholm, Sweden). After probe insertion, catheters were perfused at a flow rate of 1 μL/min with sterile Ringer solution containing 50 mM ethanol. Following a sufficient equilibration period of at least 30 min, microdialysis samples were collected every 15 min for 30 min before and up to two hours after oral glucose ingestion. Microdialysis samples were placed on ice immediately after collection and stored at −80° C until analysis.

3.3.. Adipose Tissue Collection
-------------------------------

About 1--5 g adipose tissue were dissected from each depot during regular endoscopic surgery. Adipose tissue pieces were immediately frozen on dry ice and stored at −80 °C until further analysis.

3.4.. Analytical Procedures
---------------------------

ADMA and its precursor were measured simultaneously in plasma and in 1-μL aliquots of MD samples by a specific and sensitive GC-MS/MS (gas chromatography-tandem mass spectrometry) method \[[@b36-ijms-15-01189]\]. Quantification was performed by selected-reaction monitoring of the mass transition *m/z* 634 → *m/z* 378 for ADMA and *m/z* 637 → *m/z* 378 for the internal standard trideuteromethyl-ADMA in the negative-ion chemical ionization mode. Besides ADMA, *in vivo* MD samples were analyzed for glucose and urea concentrations using the automated enzyme-linked spectrophotometric CMA 600 analyzer (CMA, Solna, Sweden) \[[@b37-ijms-15-01189]\]. Ethanol concentration was measured using the standard enzymatic assay with alcohol dehydrogenase (Sigma-Aldrich, Seelze, Germany) and a plate reader (Tecan, Infinite F200, Männedorf, Switzerland) as described before \[[@b38-ijms-15-01189]\]. Changes in local blood flow were determined using both the ethanol escape technique, and by urea clearance \[[@b39-ijms-15-01189],[@b40-ijms-15-01189]\].

DDAH activity was assessed in adipose tissue and, as a positive control, in mice liver tissue. A GC-MS (gas chromatography-mass spectrometry) assay was applied as described previously \[[@b34-ijms-15-01189]\]. The method is based on the quantitative determination of ADMA-derived dimethylamine (DMA). Quantification was performed by selected-ion monitoring of the ions *m/z* 240 for DMA and *m/z* 246 for the internal standard hexadeutero-DMA in the negative-ion chemical ionization mode.

3.5.. Statistical Analysis
--------------------------

Data are shown as mean and standard error. Group comparison was done with Students *t*-test for paired or unpaired samples, as appropriate. *p* \< 0.05 was considered to be statistically significant.

4.. Conclusions
===============

We have adapted a sensitive analytical method to measure tissue interstitial ADMA concentrations in microdialysis samples in a clinical setting. In our study, carried out in a limited number of subjects, acute changes in tissue ADMA concentrations following glucose intake were not observed. DDAH activity, both in subcutaneous and visceral adipose tissue, was extremely low compared to liver tissue. Further studies are warranted to establish the role of interstitial ADMA for the regulation of adipose tissue metabolism. However, we believe that the suggestion of ADMA playing a major role in adipose blood flow regulation can be rejected.
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![*In vitro* microdialysis. Stability, recovery and delivery experiments revealed stable asymmetrical dimethylarginine (ADMA) concentrations after approximately 20 min of catheter perfusion (upper panel, "equilibration period"). Recovery rate decreased with increasing flow rate (lower panel). Data are presented as mean and SEM of two independent experiments.](ijms-15-01189f1){#f1-ijms-15-01189}

![ADMA in plasma samples. Concentrations were 0.40 ± 0.03 μM in healthy subjects; 0.44 ± 0.03 μM in diabetics; 0.51 ± 0.02 μM before and 0.51 ± 0.03 μM after weight loss in morbidly obese subjects (**\*\*** *p* \< 0.01 healthy *vs.* morbidly obese; n.s.: not significant).](ijms-15-01189f2){#f2-ijms-15-01189}

![Clinical microdialysis (MD). Interstitial baseline ADMA values did not differ between the groups (lean healthy 0.17 ± 0.03 μM; diabetic 0.21 ± 0.03 μM; morbidly obese 0.16 ± 0.01 μM before surgery, and 0.17 ± 0.01 μM after weight loss). Interstitial glucose increased after oral glucose ingestion while ADMA, urea and ethanol ratio were not affected. (OGTT= oral glucose tolerance test).](ijms-15-01189f3){#f3-ijms-15-01189}

![Adipose tissue dimethylarginine dimethylaminohydrolase (DDAH) activity. Subcutaneous and visceral human adipose tissue DDAH activity is negligible compared to DDAH activity in rodent liver. Data are given as mean and SEM (*n* = 5).](ijms-15-01189f4){#f4-ijms-15-01189}

###### 

Demographical data of the participating subjects.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              Healthy subjects (*n* = 4)   Patients with diabetes (*n* = 4)         Patients with morbid obesity before weight loss (*n* = 7) [\*](#tfn1-ijms-15-01189){ref-type="table-fn"}   Patients after weight loss (*n* = 7) [\*](#tfn1-ijms-15-01189){ref-type="table-fn"}
  --------------------------- ---------------------------- ---------------------------------------- ---------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
  Age (year)                  38 ± 4                       54 ± 8                                   35 ± 3                                                                                                     36 ± 3

  Sex (m/f)                   4/0                          1/3                                      2/5                                                                                                        2/5

  BMI (kg/m^2^)               23.9 ± 1.8                   30.0 ± 5.2                               45.7 ± 1.5                                                                                                 34.4 ± 2.0

  Weight (kg)                 77 ± 2                       80 ± 1                                   135 ± 4                                                                                                    102 ± 5

  HOMA                        1.2 ± 0.3                    3.7 ± 0.3                                5.6 ± 2.0                                                                                                  1.8 ± 0.7

  HbA1c (%)                   \<6.5                        7.6 ± 1.3                                \<6.5                                                                                                      \<6.5

  Hypertension (*n*)          0                            3                                        4                                                                                                          0

  Other comorbidities (*n*)   0                            allergy (1)                              migraine (2)                                                                                               migraine (2)

                                                                                                                                                                                                               

  Drug treatment (*n*)        none                         ACE-inhibitors (2); beta blockers (1)\   AT1-blockers (1)\                                                                                          topiramate (1)\
                                                           thiazide diuretics (1)\                  ACE-inhibitors (1)\                                                                                        diclofenac (1)\
                                                           metformin (3)\                           diuretics (1)\                                                                                             omeprazole (1)
                                                           insulin (1)                              beta blockers (3)\                                                                                         
                                                                                                    topiramate (1)\                                                                                            
                                                                                                    diclofenac (1)\                                                                                            
                                                                                                    omeprazole (3)                                                                                             
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

paired samples.
